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Summary
Objective: Expansion of autologous chondrocytes is a common step in procedures for cartilage defect repair. Subsequent dedifferentiation
can alter cellular response to mechanical loading, having major consequences for the cell’s behavior in vivo after reimplantation. Therefore,
we examined the response of primary and expanded human articular chondrocytes to mechanical loading.
Method: Primary and expanded chondrocytes were stretched at either 0.5% or 3.0% at 0.5 Hz, 2 h per day, for 3 days. Gene expression levels
of matrix components (aggrecan (AGC1), lubricin (PRG4), collagen type I (COL1), type II (COL2) and type X (COL10)) as well as matrix
enzymes (matrix metalloproteinase 1 (MMP1), MMP3, MMP13) and SOX9 were compared to unstretched controls. To evaluate the effect
of a chondrogenic environment on cellular response to stretch, redifferentiation medium was used on expanded cells.
Results: In primary chondrocytes, stretch led to mild decreases in AGC1, COL1 and COL10 gene expression (maximum of 3.8-fold) and an
up-regulation of PRG4 (2.0-fold). In expanded chondrocytes, expression was down-regulated for AGC1 (up to 21-fold), PRG4 (up to 5.0-fold),
COL1 (10-fold) and COL2 (2.9-fold). Also, expression was up-regulated for MMP1 (20-fold) and MMP3 (up to 4-fold), while MMP13 was down-
regulated (2.8-fold). A chondrogenic environment appeared to temper effects of stretch.
Discussion: Our results show that expansion alters the response of human chondrocytes to stretch. Expanded chondrocytes greatly decrease
gene expression of matrix constituents and increase expression of MMPs, whereas primary chondrocytes hardly respond. Our data could be
a reference for optimization of cell sources or expansion protocols for reimplanted chondrocytes.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Tissue engineering.Introduction
In autologous chondrocyte implantation (ACI) procedures,
cartilage is harvested from an autologous donor site and
isolated chondrocytes are expanded in vitro to obtain sufﬁ-
cient cell numbers before implantation into the defect site.
However, during expansion culture, chondrocytes lose their
speciﬁc chondrocytic phenotype and become more ﬁbro-
blast-like1,2. This phenotypical change, called dedifferentia-
tion, is accompanied by a decreased gene expression of
cartilage speciﬁc markers like collagen type II (COL2)3.
This process might also alter the response of chondrocytes
to extracellular stimuli. The current work studied the1This research was funded by the Dutch Program Tissue Engi-
neering (DPTE, Project Number RGT6738).
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385response of chondrocytes to mechanical stimulation after
dedifferentiation resulting from monolayer expansion.
In their natural environment, chondrocytes are constantly
deformed as a result of loading due to normal daily activities.
Guilak et al.4 estimated the loss of cell height of chondrocytes
resulting fromphysiological loading tobeapproximately 20%.
In vivo deformation will also occur in reimplanted chondro-
cytes after ACI. Normal physiological loading is generally re-
garded as a prerequisite for the maintenance of proper
articular joint functioning, while injurious loading can lead to
cartilage degeneration. Dynamic compression of bovine
explants or three-dimensional scaffold cultures has indeed
shown a stimulatory effect in vitro, not only on load bearing
matrix components5e11, but recently also on lubricin
(PRG4)12. Other forms of mechanical stimulation like ﬂuid
ﬂow induced shear stress13,14 and mechanical stretch15,16
also elicit a response in primary bovine chondrocytes. In hu-
man normal, healthy chondrocytes Millward-Sadler et al.17
found that cyclic stretch has an anabolic effect, aswas shown
byan increase in aggrecan (AGC1) expression anddecrease
inmatrix metalloproteinase 3 (MMP3) expression. This effect
was not seen in osteoarthritic (OA) chondrocytes, where no
386 R. H. J. Das et al.: Chondrocyte expansion and deformationchange in AGC1 or MMP gene expression was observed.
This difference might be attributed to a change in mechano-
transduction pathways between normal and OA chondrocy-
tes18e20. In another study with human cartilage, Plumb and
Aspden21 also showed that cyclic loadingwas not stimulatory
in cartilage explants from human femoral heads. These re-
sults are contradictory to those found for young bovine chon-
drocytes, where loading was stimulatory5e7.
Not only thesourceof chondrocytesdetermines thecell’s re-
sponse to mechanical loading. Wiseman et al.22 showed that
bovine articular chondrocytes in agarose constructs exhibited
decreased proliferation and proteoglycan synthesis after
monolayer expansion uponmechanical stimulation compared
to primary chondrocytes. Since expansion and the associated
dedifferentiation of humanchondrocytes is anessential step in
ACI-like procedures, the effect of expansion on the matrix-
forming capacities warrants further investigation.
Therefore, we investigated, through real-time reverse
transcriptase polymerase chain reaction (RT-PCR) analy-
sis, how human articular chondrocytes, after monolayer ex-
pansion, respond to stretch depending on their expansion
and corresponding differentiation state. In addition, we ex-
amined whether a speciﬁc chondrogenic environment,
which leads to redifferentiation to the chondrogenic pheno-
type, alters the response of expanded chondrocytes to
stretch in terms of gene expression.MethodsCELL CULTURECartilagewas obtained frompatients undergoing total knee replacement sur-
gery (after approval by the local ethical committee; MEC2004-322). Full thick-
ness cartilage was harvested, treated with 0.2% protease in physiological
saline solution (Sigma, St. Louis, MO, USA) for 90 min and subsequently di-
gested overnight in basal medium [Dulbecco’s modiﬁed eagle medium
(DMEM), 4.5 g/l glucose with 10% Fetal Calf Serum (FCS), 0.1% gentamicine
and 0.6% fungizone (all Invitrogen, Scotland, UK)] supplemented with 0.15%
collagenase B (Roche Diagnostics, Mannheim, Germany). The following day,
the harvested cell number was determined using a heamacytometer. The pri-
mary chondrocytes were then either seeded at a density of 7500 cells/cm2 in
a T175 culture ﬂask for expansion culture or seeded at a density of
300,000 cells/well in collagen type I (COL1) coatedFlexcell six-well plates (Flex-
ercell, McKeesport, PA, USA). The cells plated for expansion were cultured for
three passages. These expanded chondrocytes were then seeded at a density
of 300,000 cells/well in the Flexcell COL1 coated six-well plates (Fig. 1).MECHANICAL STIMULATIONCells were left to adhere ﬁrmly to the ﬂexible membrane of the six-well
plate during a 5 day pre-culture with basal medium. On day 5, cells were
stretched using a modiﬁed Flexcell set-up (Flexercell, McKeesport, PA,Fig. 1. Layout of experimental set-up.USA) inside an incubator (37C, 5% CO2). This set-up was previously de-
scribed23. Brieﬂy, a low pressure created under the six-well plates pulls
the ﬂexible membrane over a loading post, resulting in homogenous biaxial
strain. The size of the loading post and the level of the pressure correlate to
the amount of stretch applied to the adherent cells. Loading posts of 25 mm
and 30 mm diameter were used, resulting in applied strains of 3.0% and
0.5%, respectively. Cyclic stretch at a frequency of 0.5 Hz was applied twice
daily for 1 h with a 1 h rest period. This protocol was repeated for 3 days. Un-
stretched controls were placed in the device without stretching the
membranes.REDIFFERENTIATION MEDIUMTo examine the effects of a chondrogenic environment, experiments were
also conducted with redifferentiation medium2. This medium consisted of
DMEM high glucose, 1:100 insulin-transferrin-selenium A supplement (ITS)
þ (BD Biosciences, Bedford, MA, USA), 10 ng/ml transforming growth fac-
tor-b2 (TGF-b2) (recombinant human, R&DSystems, Abington, UK), 10 ng/ml
insulin-like growth factor-1 (IGF-1), 25 mg/ml L-ascorbic acid 2-phosphate (both
fromSigma, St. Louis, MO,USA), 0.1%gentamicine and 0.6% fungizone (both
from Invitrogen, Scotland, UK). The redifferentiation mediumwas added at the
onset of stretch.PCRDirectly after the last stretch cycle total RNA was isolated using the Nu-
cleospin II kit according to the manufacturer’s instructions (Machery-Nagel,
Du¨ren, Germany) and nucleic acid content was determined spectrophoto-
metrically (NanoDrop ND1000, Isogen Life Science, The Netherlands).
For cDNA synthesis and real-time quantitative PCR (qPCR) methods see
Uitterlinden et al.24. An ABI7000 was used for cycling.
Taqman or SybrGreen I assays were performed on AGC1, proteogly-
can 4 (PRG4, alias lubricin or superﬁcial zone protein), COL1, COL2 and
COL10, MMP1, MMP3, MMP13 and transcription factor (sex determining
regionY)-box 9 (SOX9). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used for normalization. All primer and probe nucleotide sequences for
gene ampliﬁcations are listed in Table I.DATA ANALYSISExpression was normalized to GAPDH and expressed relatively using the
2(DDCt) method of Livak25. Subsequently, expression levels of unstretched
control conditions were set to 1 and stretched conditions were plotted relative
to controls.
Results are means plus standard deviation. Statistical signiﬁcance was
determined using a KruskaleWallis test (SPSS Inc., Chicago, IL, USA) prior
to testing stretched vs unstretched conditions by ManneWhitney test. Differ-
ences were considered signiﬁcant when P< 0.05.
For every experiment with primary cells, six control wells were used for
each donor, while three wells were used for 0.5% and three wells for 3.0%
strain. The ﬁrst experiment with expanded cells had the same set-up as
the experiments with primary cells. For the other experiments with expanded
cells, three wells were used for unstretched controls on basal medium and
three wells were used for unstretched controls with redifferentiation medium.
For both stretched conditions (0.5% and 3.0%), three wells per plate were
used with basal medium and three wells were used with redifferentiation me-
dium. Table II summarizes experimental details: some wells were lost due to
low cell yield after harvest.ResultsEFFECT OF EXPANSION CULTURE ON THE LEVELS
OF GENE EXPRESSIONUpon expansion in monolayer culture, gene expression
of COL1 was up-regulated while SOX9 expression was
down-regulated, typical for dedifferentiation toward a more
ﬁbroblast-like phenotype (Fig. 2). At the same time, COL2
is hardly expressed and COL10 expression is completely
absent in dedifferentiated chondrocytes, also consistent
with the shift toward a ﬁbroblast-like state. Also, expression
levels of MMP1, MMP3 and MMP13 were considerably
lower after expansion.EFFECT OF STRETCH ON PRIMARY CHONDROCYTESGene expression of matrix components (AGC1, PRG4,
COL1, COL2 and COL10) was moderately altered by
Table I
Primer and probe nucleotide sequences for all gene amplifications
Gene Acc. no. Primer Nucleotide sequences
GAPDH BC_083511 HsGAPD_F ATGGGGAAGGTGAAGGTCG
HsGAPD_R TAAAAGCAGCCCTGGTGACC
HsGAPD_FAM CGCCCAATACGACCAAATCCGTTGAC
AGC1 NM_001135 HsAGC1_F TCGAGGACAGCGAGGCC
HsAGC1_R TCGAGGGTGTAGCGTGTAGAGA
HsAGC1_FAM ATGGAACACGATGCCTTTCACCACGA
MMP1 NM_002421 HsMMP1_F CTCAATTTCACTTCTGTTTTCTG
HsMMP1_R CATCTCTGTCGGCAAATTCGT
HsMMP1_FAM CACAACTGCCAAATGGGCTTGAAGC
MMP3 NM_002422 HsMMP3_F TTTTGGCCATCTCTTCCTTCA
HsMMP3_R TGTGGATGCCTCTTGGGTATC
HsMMP3_FAM AACTTCATATGCGGCATCCACGCC
MMP13 NM_002427 HsMMP13_F AAGGAGCATGGCGACTTCT
HsMMP13_R TGGCCCAGGAGGAAAAGC
HsMMP13_FAM CCCTCTGGCCTGCTGGCTCA
SOX9 NM_000346 HsSOX9_F CAACGCCGAGCTCAGCA
HsSOX9_R TCCACGAAGGGCCGC
HsSOX9_FAM TGGGCAAGCTCTGGAGACTTCTGAACG
COL1 NM_000088 HsCOL1_F CAGCCGCTTCACCTACAGC
HsCOL1_R TTTTGTATTCAATCACTGTCTTGCC
HsCOL1_FAM CCGGTGTGACTCGTGCAGCCATC
COL2 NM_033150 HsCOL2_F GGCAATAGCAGGTTCACGTACA
NM_001844 HsCOL2_R CGATAACAGTCTTGCCCCACTT
HsCOL2_FAM CCGGTATGTTTCGTGCAGCCATCCT
COL10 NM_000493 HsCOL10_F CAAGGCACCATCTCCAGGAA
HsCOL10_R AAAGGGTATTTGTGGCAGCATATT
HsCOL10_FAM TCCAGCACGCAGAATCCATCTGA




387Osteoarthritis and Cartilage Vol. 16, No. 3stretch in P0 chondrocytes (Fig. 3). AGC1 and COL1 were
down-regulated in a response to mechanical stimulation of
both 0.5% and 3.0% strain levels. Gene expression of
AGC1 was only slightly altered, a 1.8-fold down-regulation
was found at 0.5% strain and 1.6-fold change at 3.0%
strain. COL1 showed a 3.8-fold decrease in gene expres-
sion level compared to control at 0.5% strain and a 2.1-
fold decrease at 3.0% strain. COL10 was also marginally
down-regulated (2-fold) at both strain levels. Gene
expression levels of COL2 remained unaltered when loaded
with either 0.5% or 3.0% strain, while levels of PRG4 were
slightly up-regulated compared to control, 1.8-fold at 0.5%
and 1.9-fold at 3.0%.
Stretch did neither statistically signiﬁcantly alter the gene
expression of MMP1, MMP3 and MMP13, nor did it change
SOX9 expression levels.Table II
Number of donors and technical repetitions for every experimental
condition
Condition Stretch level n Number
of donors












3.0% 6 2EFFECT OF STRETCH ON EXPANDED CHONDROCYTESP3 cells showed a much larger response to stretch
(Fig. 4) than primary cells. Gene expression of most matrix
proteins (AGC1, PRG4, COL1 and COL2) was severely
down-regulated after stretching of the cells. AGC1 and
COL1 showed the most signiﬁcant change in gene expres-
sion. Expression levels of AGC1 were 15.6-fold lower at
0.5% when compared to unstretched controls, while 3.0%
resulted in a 11-fold decrease. COL1 was down-regulated
approximately 10-fold for both 0.5% (11.9-fold) and 3.0%
strains (8.0-fold). Gene expression of PRG4 was also lower
when cells were stretched at 0.5% (5.0-fold decrease) or
3.0% (2.5-fold decrease). After expansion, COL2 expres-
sion was absent in chondrocytes from one donor. In those
cases where COL2 was still expressed, stretching down-
regulated its expression levels (up to 2.9-fold for 0.5%
stretch). COL10 was not expressed in any donor after
expansion.
In expanded chondrocytes, MMP1 and MMP3 were both
up-regulated after stretching. MMP1 showed a 20-fold up-
regulation while MMP3 was up-regulated 3.5-fold (at 0.5%
strain) or 2.3-fold (at 3.0% strain). MMP13 was down-regu-
lated in response to cell straining at both 0.5% (2.8-fold) and
3.0% (1.9-fold). Again, no effect of stretch on SOX9 gene
was found.EFFECT OF STRETCH ON EXPANDED CELLS
IN A CHONDROGENIC ENVIRONMENTOn redifferentiation medium, expanded chondrocytes re-
expressed COL2 and COL10, indicating a return to a more
Fig. 2. Relative gene expression levels of unstretched primary chondrocytes vs expanded (P3) chondrocytes. * Indicates signiﬁcant difference
(P< 0.05).
388 R. H. J. Das et al.: Chondrocyte expansion and deformationchondrogenic phenotype. COL1 and PRG4 expression was
also higher on redifferentiation medium. Gene expression of
MMP1 and MMP13 was also up-regulated on redifferentia-
tion medium.
This chondrogenic environment did not signiﬁcantly
change the alterations in gene expression levels of matrix
components by expanded chondrocytes associated with
stretch (Fig. 5). AGC1 and COL1 were still severely down-
regulated, while PRG4 was again only moderately down-
regulated. COL2 was re-expressed on redifferentiation
medium, but here stretch also appeared to down-regulate
gene expression. No effect of stretch was found on mRNA
levels of COL10 gene expression. MMP1 expression was
still up-regulated, but to a lesser extent compared to basal
medium. MMP3 expression was still signiﬁcantly up-
regulated in stretched conditions compared to unstretched
controls on redifferentiation medium. MMP13 was no longer
signiﬁcantly down-regulated. Overall an expression pattern
was found that was similar to that found with basal expansion
medium, but the effects seemed somewhat tempered.
General trends for all conditionsare summarized inTable III.Fig. 3. Gene expression of primary chondrocytes under strain (0.5% a
signiﬁcant difference withDiscussion
Our results indicate that in vitro expansion affects the re-
sponse of chondrocytes to a mechanical stretch protocol.
Real-time RT-PCR analysis revealed a decrease in ex-
pression of genes encoding for matrix components as
well as a rise in expression of matrix degrading enzymes
after stretching of expanded chondrocytes. In primary
chondrocytes the response was markedly less substantial
and signiﬁcant. We also studied the effect of a chondro-
genic environment that is known to direct dedifferentiated
chondrocytes back toward a chondrogenic phenotype.
These partially redifferentiated chondrocytes showed simi-
lar effects as the expanded, dedifferentiated chondrocytes,
however, the effects of stretch appeared to be tempered.
This is consistent with the shift toward the primary pheno-
type, since primary chondrocytes reacted only marginally
to stretch.
The observation of up-regulation of the matrix degrading
enzymes MMP1 and MMP3 after stretch is consistent with
the notion that chondrocytes assume a more ﬁbroblast-likend 3.0%) relative to unstrained controls. * Indicates statistically
control (P< 0.05).
Fig. 4. Gene expression of expanded, dedifferentiated chondrocytes under strain (0.5% and 3.0%) relative to unstrained controls. * Indicates
statistically signiﬁcant difference with control (P< 0.05).
389Osteoarthritis and Cartilage Vol. 16, No. 3phenotype upon dedifferentiation in respect that some
studies report increased (pro-)MMP expression following
(injurious) loading. For example, increased (pro-)MMP
expression and activation was found in ligament ﬁbro-
blasts26, patellar tendon ﬁbroblasts27, scleral ﬁbroblasts28,
uterine cervical ﬁbroblasts29 and cardiac ﬁbroblasts30 after
loadingwith stretch. However, this up-regulationwas not found
inall typesof ﬁbroblast.Sambajonetal.31 foundnodifference in
proteinase activity of synovial ﬁbroblasts after stretch.
However, matrix degradation is also part of the remodel-
ing process and it cannot be excluded that the rise in ex-
pression of MMP1 and MMP3 after short-term stretch
follows from a remodeling attempt by the cells. But one
might expect a concurrent elevation in matrix components
in case of remodeling, which is not seen in our experiments.
Obviously, the translation of changes in gene expression to
expression on protein level is not straightforward and short-
term effects might differ from long-term (in vivo) effects.
Therefore, to be able to interpret our results from a practical
viewpoint, protein expression and enzymatic activity should
be assessed and the consequences for long-term protein
expression need to be established.
Interestingly, expression levels of MMP13, the collage-
nase whose afﬁnity for COL2 is the greatest32, wereFig. 5. Gene expression of expanded, dedifferentiated chondrocytes in a
unstrained controls. * Indicates statistically signdown-regulated after cyclic stretch. This difference in re-
sponse might be attributed to the fact that the collagenases
MMP1 and MMP13 differ in their spatial distribution33.
MMP1 is mainly expressed in the superﬁcial cartilage layer,
while MMP13 is chieﬂy expressed in the deep zone, where
different deformation is experienced by the chondrocytes.
Other than very marginal changes in the expression of
AGC1 and COL1 and COL10, primary chondrocytes did
not show a marked response to stretch. This is in line
with the ﬁndings of Millward-Sadler et al.17, who found
that expression levels of AGC1, MMP1 and MMP3 were un-
changed in primary chondrocytes from OA patients after ap-
plication of short-term cyclic stretch. The discrepancy with
primary chondrocytes from healthy cartilage, which showed
an increase in AGC1 expression and a decrease in MMP3
expression, was attributed to phenotypical alterations in OA
chondrocytes. In OA chondrocytes, these changes might in-
clude altered expression of integrins, cytokines and growth
factors. Indeed, integrins, and especially the ﬁbronectin re-
ceptor integrin a5b1, are involved in mechanotransduc-
tion34 of both normal and OA chondrocytes. Although the
exact mechanisms by which this transduction occurs are
not yet fully understood, they appear to include initiation
of integrin-dependent signaling cascades. Expression ofchondrogenic environment under strain (0.5% and 3.0%) relative to
iﬁcant difference with control (P< 0.05).
Table III
Summary of results










AGC1 ¼ Y YY Y
PRG4 ¼ [ Y Y
COL1 [ Y YY Y
COL2 YYY ¼ Y ¼
COL10 ND Y ND ¼
MMP1 Y ¼ [[ [
MMP3 YYY ¼ [ [
MMP13 YY ¼ Y ¼
SOX9 YY ¼ ¼ ¼
1Basal gene expression in expanded chondrocytes relative to
primary controls (no strain, Fig. 2) and strain-related changes in
expression in primary2, expanded chondrocytes3 and expanded
chondrocytes stretched on redifferentiation medium4. Relative
trends are indicated by symbols (Y, down-regulation; [, up-regula-
tion; ¼, unchanged) with multiple arrows indicating stronger effects.
Single arrow: 0e10-fold change, double arrow: 10e100-fold
change, triple arrow: 100e1000-fold change. ND, not detected.
390 R. H. J. Das et al.: Chondrocyte expansion and deformationintegrins and integrin-associated proteins is altered in chon-
drocytes upon expansion35, which could account for the dif-
ferences in response between primary and expanded
chondrocytes found in this study.
Our model system utilizes monolayer culture with stretch-
ing (elongation) in the lateral direction, whereas the three-
dimensional in situ loading involves compression of the
cells embedded in a matrix that includes solid, water and
charges that control deformation upon loading. Knight
et al.36 showed that compression (of alginate) leads to con-
tralateral elongation, although the exact deformation of the
cell depends on the mechanical properties of the cell rela-
tive to its surrounding37. Plumb and Aspden21 found that,
contrary to healthy bovine cartilage, cyclic compressive
loading was not stimulatory in cartilage biopsies from hu-
man femoral heads. Lee et al.38 found decreased mRNA
levels of COL2 and AGC1 following shear stress loading
of chondrocytes of patients suffering from OA. Also, Wise-
man et al.22 showed that, after three to four passages,
healthy bovine articular chondrocytes seeded in agarose
showed reduced glucosaminoglycan (GAG) synthesis after
dynamic compressive loading. Nugent et al.12 showed, with
a shear deformation model, an up-regulation of PRG4 with
the same order of magnitude as the primary chondrocytes
in our stretch model system. Despite these consistent re-
sponses, the model systems never accurately represent
the in vivo situation, where conditions such as deformation
and environmental parameters are actively controlled. This
limits the interpretation for the in vivo situation, where other
factors, including cell attachment, molecular environment
with different serum conditions and a complex loading situ-
ation might all inﬂuence the cell’s response.
In conclusion, this study clearly shows that expanded hu-
man chondrocytes respond differently to stretch than pri-
mary chondrocytes. The down-regulation of both major
components in articular cartilage, AGC1 and COL2, as
well as the up-regulation of matrix degradative MMPs in
the expanded chondrocytes after stretch might be regarded
as degradative, although the effects of this altered gene
expression on protein level still remain to be studied. If ex-
panded chondrocytes in ACI-like procedures have a similar
expression response after in situ loading, this cell sourcemight not be the optimal choice for such a procedure. Con-
sequently, it might be that other cell sources, redifferentia-
tion protocols prior to implantation or limiting deformation
(e.g., by movement restricting post-surgical therapy or use
of a rigid scaffold) improve the cell’s capacity to form a func-
tional extracellular matrix and reduce enzymatic activity.
However, implanted chondrocytes should also become in-
volved in remodeling of the matrix, starting with degradation
that might lead to better incorporation with the host matrix.
From the current study, providing short-term RNA-level re-
sponses, we have no information regarding the long-term
consequences for the matrix and its in situ incorporation
potential. Our ﬁndings may therefore be regarded as a refer-
ence point for future studies that aim to optimize protocols
for tissue formation by expanded chondrocytes.References
1. von der Mark K, Gauss V, von der Mark H, Muller P. Relationship be-
tween cell shape and type of collagen synthesised as chondrocytes
lose their cartilage phenotype in culture. Nature 1977;267:531e2.
2. Mandl EW, van der Veen SW, Verhaar JA, van Osch GJ. Multiplication
of human chondrocytes with low seeding densities accelerates cell
yield without losing redifferentiation capacity. Tissue Eng 2004;10:
109e18.
3. Schnabel M, Marlovits S, Eckhoff G, Fichtel I, Gotzen L, Vecsei V, et al.
Dedifferentiation-associated changes in morphology and gene ex-
pression in primary human articular chondrocytes in cell culture. Oste-
oarthritis Cartilage 2002;10:62e70.
4. Guilak F, Ratcliffe A, Mow VC. Chondrocyte deformation and local tissue
strain in articular cartilage: a confocal microscopy study. J Orthop Res
1995;13:410e21.
5. Sah RL, Kim YJ, Doong JY, Grodzinsky AJ, Plaas AH, Sandy JD.
Biosynthetic response of cartilage explants to dynamic compression.
J Orthop Res 1989;7:619e36.
6. Larsson T, Aspden RM, Heinegard D. Effects of mechanical load on
cartilage matrix biosynthesis in vitro. Matrix 1991;11:388e94.
7. Kim YJ, Sah RL, Grodzinsky AJ, Plaas AH, Sandy JD. Mechanical
regulation of cartilage biosynthetic behavior: physical stimuli. Arch
Biochem Biophys 1994;311:1e12.
8. Buschmann MD, Gluzband YA, Grodzinsky AJ, Hunziker EB. Mechani-
cal compression modulates matrix biosynthesis in chondrocyte/
agarose culture. J Cell Sci 1995;108(Pt 4):1497e508.
9. Quinn TM, Grodzinsky AJ, Buschmann MD, Kim YJ, Hunziker EB.
Mechanical compression alters proteoglycan deposition and matrix
deformation around individual cells in cartilage explants. J Cell Sci
1998;111(Pt 5):573e83.
10. Lee DA, Noguchi T, Frean SP, Lees P, Bader DL. The inﬂuence of
mechanical loading on isolated chondrocytes seeded in agarose
constructs. Biorheology 2000;37:149e61.
11. Bonassar LJ, Grodzinsky AJ, Frank EH, Davila SG, Bhaktav NR,
Trippel SB. The effect of dynamic compression on the response of
articular cartilage to insulin-like growth factor-I. J Orthop Res 2001;
19:11e7.
12. Nugent GE, Aneloski NM, Schmidt TA, Schumacher BL, Voegtline MS,
Sah RL. Dynamic shear stimulation of bovine cartilage biosynthesis of
proteoglycan 4. Arthritis Rheum 2006;54:1888e96.
13. Smith RL, Donlon BS, Gupta MK, Mohtai M, Das P, Carter DR, et al.
Effects of ﬂuid-induced shear on articular chondrocyte morphology
and metabolism in vitro. J Orthop Res 1995;13:824e31.
14. Edlich M, Yellowley CE, Jacobs CR, Donahue HJ. Oscillating ﬂuid ﬂow
regulates cytosolic calcium concentration in bovine articular chondro-
cytes. J Biomech 2001;34:59e65.
15. Holmvall K, Camper L, Johansson S, Kimura JH, Lundgren-Akerlund E.
Chondrocyte and chondrosarcoma cell integrins with afﬁnity for colla-
gen type II and their response to mechanical stress. Exp Cell Res
1995;221:496e503.
16. Akagi M, Nishimura S, Yoshida K, Kakinuma T, Sawamura T,
Munakata H, et al. Cyclic tensile stretch load and oxidized low density
lipoprotein synergistically induce lectin-like oxidized ldl receptor-1 in
cultured bovine chondrocytes, resulting in decreased cell viability
and proteoglycan synthesis. J Orthop Res 2006;24:1782e90.
17. Millward-Sadler SJ, Wright MO, Davies LW, Nuki G, Salter DM. Mecha-
notransduction via integrins and interleukin-4 results in altered aggre-
can and matrix metalloproteinase 3 gene expression in normal, but
not osteoarthritic, human articular chondrocytes. Arthritis Rheum
2000;43:2091e9.
391Osteoarthritis and Cartilage Vol. 16, No. 318. Salter DM, Millward-Sadler SJ, Nuki G, Wright MO. Differential responses
of chondrocytes from normal and osteoarthritic human articular carti-
lage to mechanical stimulation. Biorheology 2002;39:97e108.
19. Salter DM, Wright MO, Millward-Sadler SJ. NMDA receptor expression
and roles in human articular chondrocyte mechanotransduction.
Biorheology 2004;41:273e81.
20. Millward-Sadler SJ, Wright MO, Flatman PW, Salter DM. ATP in the
mechanotransduction pathway of normal human chondrocytes.
Biorheology 2004;41:567e75.
21. Plumb MS, Aspden RM. The response of elderly human articular carti-
lage to mechanical stimuli in vitro. Osteoarthritis Cartilage 2005;13:
1084e91.
22. Wiseman M, Bader DL, Reisler T, Lee DA. Passage in monolayer
inﬂuences the response of chondrocytes to dynamic compression.
Biorheology 2004;41:283e98.
23. Weyts FA, Bosmans B, Niesing R, van Leeuwen JP, Weinans H.
Mechanical control of human osteoblast apoptosis and proliferation
in relation to differentiation. Calcif Tissue Int 2003;72:505e12.
24. Uitterlinden EJ, Jahr H, Koevoet JL, Jenniskens YM, Bierma-
Zeinstra SM, Degroot J, et al. Glucosamine decreases expression
of anabolic and catabolic genes in human osteoarthritic cartilage
explants. Osteoarthritis Cartilage 2006;14:250e7.
25. Livak KJ, Schmittgen TD. Analysis of relative gene expression data us-
ing real-time quantitative PCR and the 2(Delta Delta C(T)) Method.
Methods 2001;25:402e8.
26. Zhou D, Lee HS, Villarreal F, Teng A, Lu E, Reynolds S, et al. Differen-
tial MMP-2 activity of ligament cells under mechanical stretch injury:
an in vitro study on human ACL and MCL ﬁbroblasts. J Orthop Res
2005;23:949e57.
27. Yang G, Im HJ, Wang JH. Repetitive mechanical stretching modulates
IL-1beta induced COX-2, MMP-1 expression, and PGE2 production
in human patellar tendon ﬁbroblasts. Gene 2005;363:166e72.
28. Shelton L, Rada JS. Effects of cyclic mechanical stretch on extracellular
matrix synthesis by human scleral ﬁbroblasts. Exp Eye Res 2007;84:
314e22.29. Yoshida M, Sagawa N, Itoh H, Yura S, Takemura M, Wada Y, et al.
Prostaglandin F(2alpha), cytokines and cyclic mechanical stretch
augment matrix metalloproteinase-1 secretion from cultured human
uterine cervical ﬁbroblast cells. Mol Hum Reprod 2002;8:681e7.
30. Tyagi SC, Lewis K, Pikes D, Marcello A, Mujumdar VS, Smiley LM, et al.
Stretch-induced membrane type matrix metalloproteinase and tissue
plasminogen activator in cardiac ﬁbroblast cells. J Cell Physiol
1998;176:374e82.
31. Sambajon VV, Cillo JE Jr, Gassner RJ, Buckley MJ. The effects of
mechanical strain on synovial ﬁbroblasts. J Oral Maxillofac Surg
2003;61:707e12.
32. Reboul P, Pelletier JP, Tardif G, Cloutier JM, Martel-Pelletier J. The new
collagenase, collagenase-3, is expressed and synthesized by human
chondrocytes but not by synoviocytes. A role in osteoarthritis. J Clin
Invest 1996;97:2011e9.
33. Rannou F, Francois M, Corvol MT, Berenbaum F. Cartilage breakdown
in rheumatoid arthritis. Joint Bone Spine 2006;73:29e36.
34. Millward-Sadler SJ, Salter DM. Integrin-dependent signal cascades in
chondrocyte mechanotransduction. Ann Biomed Eng 2004;32:
435e46.
35. Goessler UR, Bieback K, Bugert P, Heller T, Sadick H, Hormann K, et al.
In vitro analysis of integrin expression during chondrogenic differenti-
ation of mesenchymal stem cells and chondrocytes upon dedifferenti-
ation in cell culture. Int J Mol Med 2006;17:301e7.
36. Knight MM, van de Breevaart Bravenboer J, Lee DA, van Osch GJ,
Weinans H, Bader DL. Cell and nucleus deformation in compressed
chondrocyteealginate constructs: temporal changes and calculation
of cell modulus. Biochim Biophys Acta 2002;1570:1e8.
37. Guilak F, Mow VC. The mechanical environment of the chondrocyte:
a biphasic ﬁnite element model of cellematrix interactions in articular
cartilage. J Biomech 2000;33:1663e73.
38. Lee MS, Trindade MC, Ikenoue T, Schurman DJ, Goodman SB,
Smith RL. Effects of shear stress on nitric oxide and matrix
protein gene expression in human osteoarthritic chondrocytes in vitro.
J Orthop Res 2002;20:556e61.
